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We  have  synthesized  LiMn1.5Nio.4Cro.1O4  cathode  material  for  high  energy  density  Li  ion  rechargeable 
batteries  using  sol-gel  method.  The  synthesized  materials  were  characterized  using  X-ray  diffraction 
(XRD),  X-ray  photoelectron  spectroscopy,  cyclic  voltammetry  and  charge-discharge  characteristics.  It 
was  found  that  phase  pure  materials  were  obtained  an  annealing  temperature  of  875  °C  for  15  h.  The 
maximum  discharge  capacity  at  a  constant  charge-discharge  current  rate  1C,  0.5C,  and  0.2C  were  found 
to  be  about  99  mAh  g-1,  110  mAh  g-1,  and  131  mAhg-1,  respectively.  The  capacity  retentions  after  50 
charge-discharge  cycles  were  found  to  be  about  99%,  97%,  and  97.3%  at  discharge  current  rates  of  0.2C, 
0.5C,  and  1 C.  The  stable  electrochemical  behavior  of  the  above  cathode  material  even  at  high  C  rate,  showed 
that  it  could  be  used  for  high  energy  density  and  high  rate  capability  Li  ion  rechargeable  batteries. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  increased  demand  of  high  energy  density  batteries  and 
high  power  density  batteries  for  light  vehicle,  and  HEV  applications, 
the  research  towards  finding  new  cathode  materials  for  recharge¬ 
able  Li  ion  batteries  has  been  accelerated  [1-4].  The  important  key 
factors  for  considerations  are  low  price,  echo  friendly,  prolonged 
cycle  life,  safe  operation,  and  high  specific  energy.  The  high  energy 
density  materials  can  be  achieved  by  either  increasing  discharge 
capacity  of  the  cathode  or  increasing  the  working  potential  of  the 
cathode  materials  [5].  In  spinel  LiMn204  structure  the  maximum 
theoretical  discharge  capacity  is  148  mAh  g-1  and  experimentally, 
its  initial  discharge  capacity  in  4  V  range  is  about  130  mAh  g-1 ,  with 
large  capacity  fading  upon  cycling  [6-8].  It  has  been  reported  by 
several  researchers  that  the  high  voltage  spinel  oxides  with  com¬ 
position  LiMn2_xMx04  (M  =  Ni,  Cr,  Co,  Cu,  or  any  other  transition 
metal  element)  have  remarkable  properties,  such  as  high  potential, 
high  energy  density,  and  high  rate  capability  [9-11]. 

Yoonetal.  [9]  synthesized  LiM0.5Mn1.5O4  (M  =  Ni,  Co,  Cr)  cathode 
materials  by  solid  state  route.  They  found  that  these  materi¬ 
als  showed  a  discharge  plateau  around  5  V.  The  LiMn1.5Nio.5O4, 
LiMn1.5Coo.5O4,  LiMn1.5G0.5O4,  cathode  materials  showed  an  initial 
discharge  capacity  of  123  mAh  g-1 , 130  mAh  g-1 ,  and  140  mAh  g-1 . 
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They  performed  maximum  10  charge-discharge  cycles  of  these 
materials  with  considerable  capacity  fading  upon  cycling. 

Recently,  it  has  been  investigated  that  LiMn1.5Nio.5O4  cathode 
materials  could  be  used  up  to  4.7  V  range.  Wei  et  al.  synthesized  [10] 
LiMn2_xNix04  (0<x<0.5)  spinel  cathode  materials.  They  found 
that  as  the  concentration  of  Ni  increases  from  0.0  to  0.5,  the  dis¬ 
charge  plateau  around  4.7  V  increases  and  the  plateau  around  4.1  V 
decreases  because  of  the  change  is  the  oxidation  state  of  Mn3+ 
and  Ni2+  upon  increased  Ni  concentration.  We  have  synthesized 
[11]  LiMn2_xNix04  cathode  materials  by  sol-gel  method.  The  Ni 
concentration  varies  as  0.125,  0.250,  0.375,  and  0.50.  We  found 
that  as  the  nickel  concentration  increases,  the  initial  discharge 
capacity  increases.  The  maximum  discharge  capacity  was  found  as 
140.18  mAh  g-1  for  LiMni.5 Ni0  5 O4.  The  discharge  capacity  retention 
was  found  to  be  about  98%  after  50  charge-discharge  cycles. 

It  has  been  reported  by  several  researchers  that  Cr  doped  spinels 
could  be  used  for  5  V  application  [12-14].  Rajakumar  et  al.  [12] 
synthesized  multiple  doped  spinels,  LiM0.25Ni0.25Mn1.5O4  (M  =  Cr, 
Fe,  and  Co)  via  glycine  assisted  sol-gel  method.  The  initial  dis¬ 
charge  capacities  of  LiCro.25Nio.25Mn1.5O4,  LiFeo.25Nio.25Mn1.5O4, 
and  LiCoo.25Nio.25Mn1.5O4  were  reported  as  116  mAh  g-1, 
120  mAh  g-1,  and  80  mAh  g-1,  respectively.  They  reported  that 
LiFeo.25Nio.25Mn1.5O4  cathode  material  showed  the  best  electro¬ 
chemical  performance  upon  cycling,  where  the  capacity  fading  was 
observed  as  0.05  mAhg-1  cycles-1,  for  20  charge-discharge  cycles. 
Suryakala  et  al.  [13]  synthesized  LiMn2_xCrx04  cathode  materials 
by  sol-gel  method.  They  observed  discharge  plateau  in  5  V  region 
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and  found  the  discharge  capacity  increases  upon  increasing  Cr 
concentration.  The  initial  discharge  capacity  for  0.1,  0.2,  0.3,  and 
0.4  Cr  doping  was  found  to  be  about  128  mAhg-1,  131  mAhg-1, 
140  mAhg-1,  and  142 mAhg-1,  respectively.  They,  however,  did 
not  report  any  cycleability  data.  Yi  et  al.  [14]  reported  electro¬ 
chemical  performance  of  LiMn14Cro.2Nio.4O4  cathode  materials 
in  the  4  V  range.  They  found  that  at  a  charge-discharge  rate  of 
0.2C,  the  cathode  materials  showed  an  initial  discharge  capacity  of 
about  130.8  mAhg-1  in  the  voltage  range  of  3.3-4.95  V.  After  50 
charge-discharge  cycles  the  discharge  capacity  was  found  to  be 
about  119.5  mAh  g-1 . 

In  this  paper  we  have  reported  the  structural  and  electrochemi¬ 
cal  properties  of  LiMni.5Nio.4Cro.i  04  cathode  material.  We  also  have 
investigated  its  electrochemical  behavior  for  high  energy  density 
applications  at  higher  C  rate. 

2.  Experimental 

Lithium  acetate  dihydrate  [Li(CH3C00)-2H20,  99%],  man¬ 
ganese^)  acetate  tetrahydrate  [Mn(CH3C00)2-4H20,  Mn  22%], 
nickel  (II)  acetate  tetra  hydrate  [Ni(CH3C00)2-4H20],  and 
chromium  acetate  hydroxide  (Cr  24%)  [Cr3(OH)2(OOCCH3)7] 
(all  produced  from  Alfa  Aesar,  USA)  were  used  as  a  precursor  mate¬ 
rials.  All  precursor  materials  were  dissolved  separately  in  2-ethyl 
hexanoic  acid  at  80  °C.  After  complete  dissolution  of  the  precursor 
materials,  all  of  the  solutions  were  mixed  together,  followed  by 
heating  at  80  °C  and  stirring  for  about  1  h.  The  final  solution 
was  then  dried  to  obtain  powder.  The  organic  removal  from  the 
synthesized  powder  was  carried  out  by  heating  the  obtained 
powder  at  450  °C  for  4h.  After  the  complete  organic  removal  the 
material  was  calcined  at  875  °C  for  24  h  in  an  oxygen  atmosphere, 
to  obtained  phase  pure  LiMn1.5Nio.4Cro.1O4  cathode  material. 
The  phase  purity  and  the  crystallinity  of  the  LiMn1.5Nio.4Cro.1O4 
cathode  material  were  obtained  using  a  Siemens  D5000  X-ray 
powder  diffractometer  [Cu  Ka  radiation,  1.5405  A].  The  cathode 
was  prepared  by  mixing  calcined  powder  (LiMn1.5Nio.4Cro.1O4), 
carbon  black,  and  polyvinylidene  fluoride  (weight  ratio  80:10:10), 
and  subsequently  a  slurry  was  made  with  n-methyl  pyrolidone.  The 
resulting  paste  was  cast  uniformly  onto  aluminum  foil  followed  by 
drying  at  about  60  °C  in  an  oven  overnight.  The  compositions  of  the 
electrode  were  analyzed  using  energy-dispersive  analysis  by  X-ray 
(EDAX).  X-ray  photoelectron  spectroscopy  (XPS)  measurements 
of  LiMn1.5Nio.4Cro.1O4  cathodes  were  performed  before  and  after 
charge-discharge  cycle,  using  PHI  ESCA  system  (Physical  Elec¬ 
tronics)  using  Al  Ka  radiation.  Curve  fitting  of  the  slow-scanned 
XPS  spectra  was  carried  out  using  a  non-linear  least-squares 
fitting  program  with  a  Gaussian-Lorentz  sum  function.  The  coin 
cells  were  fabricated  in  an  argon  atmosphere,  inside  a  Glove  Box 
(MBraun  Inc.,  USA),  using  LiMni  5Nio.4Cro.i04electrode  as  cathode, 
Li  foil  as  anode,  and  1  M  lithium  hexafluoride  (LiPF6),  dissolved 
in  ethyl  carbonate  (EC)  and  dimethyl  carbonate  (DMC)  [1:2,  v/v 
ratio]  as  electrolyte.  The  electrochemical  behavior  of  the  cells 
was  studied  at  room  temperature  by  cyclic  voltammetry  and 
charge-discharge  characteristics,  using  Solartron  battery  tester, 
Model  1470E.  The  impedance  measurements  of  the  cells  were 
carried  out  using  Gamry  Instruments  potentiostat  and  EIS  300 
electrochemical  software. 

3.  Results  and  discussions 

Fig.  1  shows  the  XRD  pattern  of  LiMn1.5Nio.4Cro.1O4  cathode 
material,  calcined  at  875  °C  for  24  h  in  an  oxygen  atmosphere. 
All  peaks  were  found  corresponding  to  Fd3m  spinel  crystal  struc¬ 
ture.  The  XRD  pattern  showed  very  intense  peaks  corresponding  to 
(1 1 1 ),  (3  1 1 ),  and  (4  0  0)  planes,  that  indicates  the  well  crystalline 


Angle  (20) 

Fig.  1.  Powder  diffraction  patterns  of  LiMn1.5Nio.4Cro.1O4  cathode  material,  annealed 
at  875  °C  for  24  h  in  02  atmosphere. 

nature  of  the  material  and  the  occupancy  of  Li  ions  in  tetrahedral 
(8a)  sites.  The  manganese,  chromium  and  nickel  ions  occupy  octa¬ 
hedral  (16d)  sites  and  O2-  reside  at  the  general  positions  (32e)  [15]. 
The  lattice  parameter  of  LiMn1.5Nio.4Cro.1O4  cathode  material  was 
obtained  using  interactive  powder  diffraction  data  interpretation 
and  indexing  program  POWDMULT  [16]  and  was  found  as  8.1835  A. 
The  unit  cell  volume  and  the  standard  deviation  were  found  as 
548.04 A3  and  0.00206 A3,  respectively.  The  lattice  parameter  of 
LiMn15Nio.4Cro.1O4  cathode  material  was  less  than  that  of  the  lat¬ 
tice  parameter  of  pure  LiMn204  (8.247  A)  [17],  and  LiMn1.5Nio.5O4 
cathode  materials,  because  ionic  radii  of  Cr3+  (0.615  A)  is  less  than 
the  ionic  radii  of  Ni2+  (0.69  A),  and  Mn3+  (0.66  A)  resulting  strong 
bonding  energy  of  Cr  with  oxygen  than  Mn  or  Ni  [18].  Further,  as 
confirmed  by  XPS,  the  doping  of  Cr3+  and  Ni2+  in  LiMn204  results 
into  the  formation  of  Mn4+  (ionic  radii  0.60  A)  and  the  bond  length 
of  Mn4+-0  is  less  then  that  of  the  bond  length  of  Mn3+-0,  resulting 
in  decreased  lattice  parameter. 

It  can  be  seen  from  the  EDAX  spectra  (Fig.  2)  of 
LiMn1.5Nio.4Cro.1O4  cathode  that  there  are  peaks  correspond¬ 
ing  to  Mn,  carbon,  oxygen,  nickel,  chromium,  and  fluorine  and  no 
other  impurity  peaks  were  found  in  the  sample.  The  peak  due  to 
Mn,  Ni,  Cr,  and  oxygen  are  from  LiMn1.5Nio.4Cro.1O4,  carbon  due  to 
carbon  black,  and  fluorine  is  due  to  PVDF  binder,  present  in  the 
cathode. 
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Fig.  2.  EDAX  spectra  of  LiMn1.5Nio.4Cro.1O4  cathode. 
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Fig.  3.  XPS  spectra  of  LiMn1.5Nio.4Cro.1O4  cathode  material. 


XPS  studies  of  cathode  material  were  carried  out  to  find  out 
the  oxidation  states  of  different  elements  in  the  material.  Fig.  3 
shows  two  peaks  in  the  XPS  spectra  Mn.  The  peaks  obtained  at 
641.75  eV  and  642.48  eV  correspond  to  Mn3+  and  Mn4+  oxidation 
states,  respectively,  and  the  satellite  peak  obtained  at  654.22  eV  is 
in  agreement  with  the  reported  one  in  the  literature  [12,19,20].  The 
Cr  peak  appears  at  576.21  eV,  indicating  that  Cr  is  in  3+  state  [9]. 
The  binding  energy  of  0  Is  is  found  to  be  529.74 eV. 

Cyclic  voltammetric  studies  of  LiMn^Nio^QaiC^  cathode 
material  were  carried  out  in  LiMn15Nio.4Cro.1O4/LiPF6  +  (EC  + 
DMC)/Li  coin  cells  at  room  temperature  and  in  the  voltage  range 
of  3.0-5.0  V  at  a  scan  rate  of  0.1  mV  s-1.  The  cyclic  voltammogram 
showed  [Fig.  4]  three  well  defined  oxidation  peaks  at  4.07  V,  4.76  V, 
and  4.87  V.  The  peak  at  4.07  V  is  due  to  Mn3+/Mn4+  redox  cou¬ 
ple  while  the  peaks  at  4.76  V  and  4.87  V  are  due  to  Ni2+/Ni4+  and 


Fig.  4.  Cyclic  voltammogram  of  LiMni.5 Ni0.4Cr0.i  04/LiPF6  +  (EC +  DMC)/Li  coin  cell  in 
3.0-5.0  V  range,  at  a  voltage  scan  rate  of  0.1  mV  s_1 . 


Cr3+/Cr4+  redox  couple,  respectively  [21].  The  oxidation  peak  at 
4.87  V  indicates  that  this  material  can  be  used  for  5  V  applications. 

The  charge-discharge  characteristics  of  LiMn15Nio.4Cro.1O4/ 
LiPF6(EC  +  DMC)/Li  coin  cells  were  carried  out  at  room  tempera¬ 
ture  in  3.0-4.9V  range,  at  various  current  rate  of  0.2C,  0.5C,  and 
1C,  where  C=147mAhg_1.  Fig.  5  showed  the  charge-discharge 
behavior  of  LiMni.5Nio.4Cro.i04/LiPF6(EC  +  DMC)/Li  coin  cells  at 
a  constant  charge-discharge  rate  of  0.2C.  It  can  be  seen  from 
the  figure  that  the  initial  discharge  capacity  was  108  mAh  g-1, 
which  increases  gradually  up  to  10th  consecutive  charge-discharge 
cycles  and  reached  at  a  maximum  value  of  126mAhg_1.  The 
initial  discharge  capacity  increases  in  the  first  few  cycles  that 
may  be  due  to  electrochemical  activation  of  the  cathode  and 
improved  Li  ion  diffusion  channels  in  the  material,  resulting  in 
higher  lithium  utilization  during  initial  cycling  stage  [22].  The 
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Fig.  5.  Room  temperature  charge-discharge  behavior  of  LiMn1.5Nio.4Cro.1O4/ 
LiPF6  +  (EC  +  DMC)/Li  coin  cell  in  3.0-4.9  V  range  at  a  constant  current  rate  of  C/5. 
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S.  No. 

Material 

Voltage  range  (V) 

Charge-discharge  C  rate 

Maximum/initial 
discharge  capacity 

No.  of  cycle 

Discharge  capacity 
retention  (%) 

Refs. 

1 

LiCro.5Mn1.5O4 

3. 5-5.0 

0.65  mA  cm2 

140 

4 

138.6 

[9] 

2 

LiMn1.95Cr0.05O4 

3.0-4.5 

0.1  mA 

130 

30 

91 

[24] 

3 

LiMni.gCro.i  O4 

2. 5-4.8 

0.1  C 

138 

10 

100 

[25] 

4 

LiMn1.4Cro.2Nio.3O4 

3.3-4.95 

0.15C 

130.8 

50 

94.1 

[14] 

5 

LiMn1.4Cro.6O4 

3.0-5.0 

0.1  C 

142 

1 

- 

[13] 

6 

LiMni.gCro.i  O4 

2. 5-4.8 

0.1  C 

139 

10 

88 

[26] 

7 

LiMn1.5Nio.4Cro.!  O4 

3.0-4.9 

0.2  C 

126 

50 

98.5 

Present 

0.5C 

110 

50 

97.2 

work 

1C 

100 

50 

96 

electrode  showed  stable  behavior  upon  cycling  and  after  50 
charge-discharge  cycles  the  discharge  capacity  was  found  to  be 
about  123.7  mAh  g-1 . 

Fig.  6  shows  the  cycleability  of  LiMn^Nio^GaiC^/ 
LiPF6(EC  +  DMC)/Li  coin  cells  at  various  C  rates  (1C,  0.5C,  and 
0.2C).  The  maximum  discharge  capacities  at  1C,  0.5C,  and  0.2C 
current  were  found  to  be  about  100  mAh  g-1,  110  mAh  g-1,  and 
126  mAh  g-1,  respectively.  The  discharge  capacity  retentions  were 
found  as  98.5%,  97.2%,  and  96%  after  50  charge-discharge  cycles  at 
the  discharge  current  rates  of  0.2C,  0.5C,  and  1C,  respectively.  In 
the  Table  1  we  have  presented  a  comparison  between  the  cyclic 
performance  of  LiMn1.5Nio.4Cro.1O4  cathode  materials,  synthesized 
by  us  and  those  reported  earlier  by  various  researchers.  It  can  be 
seen  from  Table  1  that  LiMn15Nio.4Cro.1O4  could  be  a  promising 
cathode  material  for  high  rate  capability  applications. 

Fig.  7  shows  the  impedance  spectra  of  LiMn1.5Nio.4Cro.1O4/ 
LiPF6 +  (EC  +  DMC)/Li  coin  cell  before  and  after  charge-discharge 
cycles  The  impedance  spectra  were  obtained  within  the  fre¬ 
quency  range  of  10  mHz  to  1  MHz.  It  can  be  seen  from  the 
figure  that  the  charge-transfer  resistance  does  not  change  upon 
cycling.  Before  and  after  charge-discharge  cycles,  the  charge- 
transfer  resistance  was  found  to  be  about  78  £2,  indicating  that 
there  is  no  SEI  layer  formation  on  the  surface  of  cathode  after 
charge-discharge  cycling,  which  is  the  main  cause  of  stable 
behavior  of  the  cells.  The  slope  of  the  inclined  line  at  low  fre¬ 
quency  region  is  almost  the  same,  indicating  that  the  Werburg 
impedance  in  the  low  frequency  region  does  not  change,  con¬ 
firming  that  there  is  no  change  in  Li+  activity  upon  cycling 
[23]. 


Fig.  6.  Cyclability  of  LiMni.5Nio.4Cr0.i  04/LiPF6  +  (EC  +  DMC)/Li  coin  cell.  The  cell  was 
charge  and  discharged  in  cell  in  3.0-4.9  V  range  at  a  constant  current  rates  of  C,  C/2, 
and  C/5. 


Fig.  7.  Impedance  spectra  of  LiMn1.5Nio.4Cro.1O4/LiPF6  +  (EC  +  DMC)/Li  coin  cell:  (a) 
before  charge-discharge  and  (b)  after  50  charge-discharge  cycles. 


4.  Conclusions 

We  have  synthesized  phase  pure  LiMn1.5Nio.4Cro.1O4  cathode 
material  by  sol-gel  method.  The  XRD  data  of  the  above  materials 
showed  cubic  spinel  network  (Fd3m).  The  redox  voltage  peaks  in 
the  cyclic  voltammogram  showed  the  reversible  reactions  involved 
in  Li  ion  intercalation  and  de-intercalation  in  the  structure.  The 
charge-discharge  characteristics  at  various  Crate  showed  the  stable 
behavior  of  LiMn1.5Nio.4Cro.1O4  cathode  materials,  even  at  higher 
C  rate  of  1C,  indicating  that  this  material  could  be  used  as  high 
energy  density  and  high  rate  capability  cathode  material  for  Li 
ion  rechargeable  batteries.  Further  investigations  are  in  progress 
in  order  to  improve  the  discharge  capacity  of  LiMn1.5Nio.4Cro.1O4 
cathode  material  by  surface  modifications  with  ZnO,  A1203,  and 
Zr02. 
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